Background {#Sec1}
==========

One of the most important complications of fixed orthodontic treatment is enamel demineralization \[[@CR1]\]. Brackets and orthodontic accessories facilitate plaque accumulation and compromise oral hygiene maintenance which lead to an increase in oral bacteria count during orthodontic treatment \[[@CR2]--[@CR5]\]. Despite myriad progresses in orthodontics, fixed orthodontic treatment is still accompanied with a high risk of formation of white spot lesions which are found in more than 50% of orthodontic patients. Since white spots are unattractive and sometimes irreversible, they are a main concern for both orthodontists and orthodontic patients \[[@CR1], [@CR6]--[@CR9]\].

Oral hygiene procedures in the frontline of caries prevention methods are not reliable enough due to dependence to patient cooperation. Therefore, one possible solution could be incorporation of antimicrobial agents into the orthodontic adhesives. In this regard, the addition of chlorhexidine and fluoride into adhesives has been suggested in some studies. However, the improper mechanical properties of the resultant adhesives as well as the short-term antimicrobial effects of these agents have made this approach questionable \[[@CR10]--[@CR14]\].

Application of nanotechnology in material science is a great step toward producing materials with enhanced chemical, mechanical, optical, and electrical features \[[@CR15], [@CR16]\]. Therefore, several studies have made efforts to evaluate antimicrobial and mechanical properties of various nanoparticles incorporated in orthodontic adhesives \[[@CR14], [@CR17]--[@CR19]\].

Silver has long been used in medicine for its antimicrobial activity against various microorganisms. Recent studies have shown antibacterial properties of silver nanoparticles (AgNps) incorporated in poly(methyl methacrylate), dental composites, bonding agents, and resin-modified glass ionomers \[[@CR17], [@CR20]--[@CR23]\]. Hydroxyapatite (HA) has been reported as an excellent carrier in AgNp production process \[[@CR18]\]. In addition, HA nanoparticles have achieved brilliant successes in remineralization of incipient enamel lesions \[[@CR24]\].

Considering unique features of AgNps and HA nanoparticles, the present study aimed at investigation of antibacterial effects of silver/hydroxyapatite (Ag/HA) nanoparticles incorporated in a conventional orthodontic adhesive composite (Transbond XT) against *Streptococcus mutans*, *Lactobacillus acidophilus*, and *Streptococcus sanguinis*.

Methods {#Sec2}
=======

Preparation of Ag/HA nanoparticles {#Sec3}
----------------------------------

The method of Akhavan et al. was used to synthesize Ag/HA nanoparticles \[[@CR25]\]. Briefly, 100 mg of silver nitrate was dissolved in 20-ml deionized water. Afterwards, a solution of 1-g HA nanopowder (purchased from Aldrich Co.) in 80-ml distilled water was added to the sliver nitrate solution. The final mixture was stirred with magnetic mixer for 6 h, purged by nitrogen gas, and irradiated to 20-kGy dose of gamma ray in a Gamma Cell 220 (Nordion, Canada). The precipitation was centrifuged, washed, and dried overnight.

The formation of silver nanoparticles incorporated in the HA composite was studied by the XRD pattern of the Ag/HA sample using a Holland Philips Xpert X-ray diffractometer (CuKα) (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1The XRD spectrum of irradiated sample at 20 kGy presents peaks at 2*θ* of 37.81, 44.21, and 63.41, assigned to the diffractions from the (1 1 1), (2 0 0), and (2 2 0) planes of face-centered cubic (fcc) silver nanoparticles

The TEM morphology of Ag/HA sample was evaluated on a Phillips EM 208S electron microscope operating at acceleration voltage of 100 kV (Fig. [2](#Fig2){ref-type="fig"}). As observed, the Ag/HA particles were nanosize and non-aggregated form, showing that the producing process had no effect on the initial HA particle distribution. From the figure, the majority of particles in Ag/HA powder were of spherical shape, with a mean diameter range of 55--65 nm.Fig. 2TEM image shows formation of nanosize particles

Preparation of composite discs {#Sec4}
------------------------------

A total number of 162 composite discs were used in this study. After preparation of Ag/HA nanoparticles, Transbond XT pastes (3 M Unitek, CA, USA) with 1, 5, and 10 % (*w*/*w*) Ag/HA nanoparticles were produced by mixing proper amounts of nanoparticles into the composite paste precisely. Pure Transbond XT composite discs were used as control group. In order to obtain specimens with dimensions close to bracket bases, 5-mm diameter circular metal molds were filled with composites and covered by glass slides. After light curing for 20 s from each side (Bluphase® 16i, Ivoclar Vivadent, AG, Australia), composite discs were expelled from the molds and sterilized via gamma ray.

Preparation of bacterial suspensions {#Sec5}
------------------------------------

Lyophilized *S. mutans* (ATCC 25175) and *S. sanguinis* (ATCC 10556) were rehydrated in brain-heart infusion (BHI) broth (Difco, Sparks, MD, USA) in 5 % CO~2~ atmosphere at 37 °C for 48 h. Microbial suspensions with 10^8^ CFU/ml were prepared using spectrophotometer. Optical density of 0.2 correspond to 10^8^ cells/ml. Lyophilized *L. acidophilus* (ATCC 4356) was grown in BHI broth in anaerobic conditions at 37 °C. For *L. acidophilus,* an optical density equal to 1 corresponds to 10^8^ cells/ml.

Disk agar diffusion test (DAD) {#Sec6}
------------------------------

DAD determines the ability of antibacterial agents to diffuse within agar and produce bacterial inhibition zone. Twenty microliters from bacterial suspensions was spread on the cation-adjusted Mueller Hinton agar (CAMHA; Himedia, India) plate via a sterilized swap, and composite discs were placed on the surface of plates with 2-cm distance from each other. Plates containing *L. acidophilus* were incubated anaerobically, while other plates were incubated in capnophilic condition. Following incubation for 48 h, the growth inhibition zones were measured.

Biofilm inhibition test {#Sec7}
-----------------------

Biofilms were formed on composite discs by inoculation of bacterial suspensions in composite discs in flat-bottom 96-well microtiter plates (TPP; Trasadingen, Switzerland) and incubation at 37 °C for 72 h. Afterwards, composite discs were rinsed thoroughly with sterilized saline to wash away the planktonic and loosely attached cells. Finally, in order to dislodge biofilms, composite discs were sonicated at 50 Hz in 150 W and vortexed for 1 min. The CFUs/ml of test wells was calculated using Miles and Misra method \[[@CR26]\].

Antibacterial properties of eluted components {#Sec8}
---------------------------------------------

In order to evaluate the antibacterial activity of the eluted components from composite discs, the specimens were placed in tubes containing 5-ml BHI broth at 37 °C in a dark environment. After 3, 15, and 30 days, discs were removed and liquid medias were transferred to new plastic tubes. Fifty microliters of bacterial suspension (in final concentration 2.5 × 10^5^ CFU/ml) was added to the latter tube, and tubes were agitated at 300 rpm for 24 h at 37 ° C. The CFUs/ml of test wells was calculated using Miles and Misra method \[[@CR26]\].

Statistical analysis {#Sec9}
--------------------

Kruskal--Wallis test, ANOVA, and Tukey HSD test were used for statistical analysis. *P* \< 0.05 was considered statistically significant.

Results {#Sec10}
=======

Disk agar diffusion test (DAD) {#Sec11}
------------------------------

Results of DAD test indicated that adding 1 % Ag/HA nanoparticles to composite does not produce bacterial inhibition zone for any of bacterial strains. However, composite discs containing 5 and 10 % nanoparticles showed bacterial inhibition halos which did not have significantly different diameters. The complete results of DAD test are presented in Table [1](#Tab1){ref-type="table"}.Table 1Average diameters of bacterial growth inhibition zones (mm)Bacterial TypeConcentration Ag/HA\
Nanoparticles (%)Diameter (mm)*S. mutans*001056.33 ± 0.58108.66 ± 1.15*S. sanguinis*001057.66 ± 1.15109.66 ± 1.52*L. acidophilus*001055.66 ± 0.58107.66 ± 0.58

Biofilm inhibition test {#Sec12}
-----------------------

Investigation of the antibacterial effect of the study groups against mature *S. mutans* biofilm revealed significant differences between all groups except between the 5 and 10 %. Results of biofilm inhibition test for *S. sanguinis* and *L. acidophilus* were similar and for both bacterial strains, significant differences between all groups except between 1 and 5 % as well as between 5 and 10 % were recorded. Error bars in Figs. [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"}, and [5](#Fig5){ref-type="fig"} depict the results of biofilm inhibition test for *S. mutans*, *S. sanguinis*, and *L. acidophilus*, respectively.Fig. 3Viable counts of *S. mutans* biofilms on composite discs containing 0, 1, 5, and 10 % Ag/HA nanoparticles Fig. 4Viable counts of *S. sanguinis* biofilms on composite discs containing 0, 1, 5, and 10 % Ag/HA nanoparticles Fig. 5Viable counts of *L. acidophilus* biofilms on composite discs containing 0, 1, 5, and 10 % Ag/HA nanoparticles

Eluted component test {#Sec13}
---------------------

Results of the eluted component test for *S. mutans* in days 15 and 30 showed that with increase in concentration of nanoparticles, logarithm of colony count decreases with statically significant differences between all groups. Logarithms of colony count of *S. sanguinis* were not significantly different between groups 1 and 5 % in any day. However, composite discs with 10 % nanoparticles decreased the colony count of *S. sanguinis* significantly.

Reduction of colony count of *L. acidophilus* in day 3 was significantly different between all groups, while difference between groups 1 and 5 % in days 15 and 30 was not statistically significant.

Results of the eluted components test are presented in Table [2](#Tab2){ref-type="table"}.Table 2Logarithm of bacterial count in liquid media after 3, 15, and 30 daysBacterial typeIncubation time (day)Percentage of Ag/HA nanoparticles0 %1 %5 %10 %*Streptococcus mutans* log08.371 ± 0.02738.281 ± 0.2028.184 ± 0.0367.885 ± 0.073158.312 ± 0.0108.241 ± 0.0278.041 ± 0.033308.334 ± 0.0298.268 ± 0.0148.150 ± 0.020*Streptococcus sanguinis* log08.346 ± 0.04938.233 ± 0.0318.115 ± 0.0147.777 ± 0.073158.254 ± 0.0388.209 ± 0.0208.096 ± 0.029308.300 ± 0.0148.278 ± 0.0208.187 ± 0.031*Lactobacillus acidophilus* log08.295 ± 0.03538.248 ± 0.0368.160 ± 0.0327.996 ± 0.008158.271 ± 0.0278.228 ± 0.0098.112 ± 0.053308.285 ± 0.0178.270 ± 0.0118.228 ± 0.021

Discussion {#Sec14}
==========

Current concerns about white spots formation during fixed orthodontic treatment have led to conduction of several studies aiming at induction of antibacterial properties in orthodontic adhesives by using various nanoparticles such as ZnO, TiO~2~, Ag, and polyethylenimine \[[@CR14], [@CR17], [@CR19], [@CR27]\].

Selection of HA nanoparticles in the current study was based on two major reasons. Firstly, the HA nanoparticles have shown the potential of remineralizing initial enamel lesions \[[@CR28]\]. Secondly, we used the capability of HA in acting as a solid support in the nanoparticles' production procedure \[[@CR25]\].

Several methods have been suggested for synthesis of silver-doped hydroxyapatite nanoparticles. We applied gamma irradiation for production of silver nanoparticles and used HA as carrier. This method is capable of producing pure composite material in which silver nanoparticles are dispersed homogeneously \[[@CR25]\].

Results of biofilm inhibition test revealed that all three concentrations of Ag/HA nanoparticles decrease the colony count of all bacteria species significantly, whereas increasing the concentration of Ag/HA nanoparticles from 5 to 10 % does not show any significant reductions. The biofilm inhibition test is immensely important because biofilms are much more resistant to antimicrobial agents in comparison to planktonic cells \[[@CR29]\]. Although *S. mutans* is the main bacteria associated with initial carious lesions such as white spots \[[@CR30]--[@CR32]\], *S. sanguinis* is associated with non-cariogenic plaque and is in competition with *S. mutans* \[[@CR33], [@CR34]\]. Therefore, orthodontic adhesives containing 5 % Ag/HA nanoparticles are highly efficient against white spot formation because in comparison to adhesive with 1% Ag/HA nanoparticles, they show increased antibacterial activity against *S. mutans* without significantly higher effect against *S. sanguinis*.

The same result was obtained by eluted component test about the logarithms of colony counts of *S. sanguinis* and *S. mutans* on the 15th and 30th days. Therefore, similar to the biofilm inhibition test, eluted component test also supports adding 5 % Ag/HA nanoparticles to orthodontic adhesives.

Regarding results of DAD test, unlike 1 % Ag/HA nanoparticles, incorporation of 5 % Ag/HA nanoparticles produces growth inhibition zone for all three bacteria. Furthermore, increasing nanoparticles from 5 to 10 % does not change the inhibition zone significantly. Therefore, DAD test as well as the two previous tests indicates that adhesives containing 5 % Ag/HA nanoparticles provide proper antibacterial features.

Although adding Ag/HA nanoparticles to resin composite brings about brilliant antibacterial properties, the possible adverse effects on mechanical features should not be overlooked. Our previous study revealed that incorporation of 5 % Ag/HA nanoparticles to orthodontic bonding resin does not compromise shear bond strength, while adding 1 and 10 % Ag/HA nanoparticles increases and decreases it, respectively \[[@CR18]\]. Therefore, results of the present study in combination with our previous research indicate that orthodontic adhesives containing 5 % Ag/HA nanoparticles provide suitable features from both antimicrobial and mechanical aspects.

Conclusions {#Sec15}
===========

Combination of the results of three antimicrobial tests showed that adding 5 % Ag/HA nanoparticles to orthodontic adhesives reduces growth of cariogenic bacteria, has less effect against non-cariogenic *S. sanguinis*, and is capable of producing bacterial growth inhibition zone.
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